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Abstract  
Knitted fabrics have unique characteristics compared to conventional architectural membranes. Conventional architectural 
membranes are composite materials consisting of woven or non-woven textiles and layers of coating. Characteristics of 
membrane behaviour are a high tensile strength, no bending resistance and a certain shear stiffness. Their resistance against 
environmental impact is derived from a form found shape with double curvature and prestress keeping the system under tension 
in all conditions. When combined to a hybrid system with an actively bent GFRP rod, the membrane stabilizes the rod, as the rod 
tensions the membrane. The doubly curved surface is usually subdivided into developable pieces and sewn together. Knitted 
fabrics are very flexible and have a high elasticity allowing for complex shapes and double curvature without the need of cutting 
them in special patterns. CNC-driven knitting-processes allow for integration of channels, pockets and structural details, 
potentially reducing the effort in further processing.  
The authors propose a method of simulating knitted fabric as a structural membrane by representing it as a 2-dimensional grid. 
The grid is calibrated by adjusting its geometry and the stiffness of its members to match the properties of a tested knitted 
membrane specimen. The advantage of this method is that it is integrated into the design environment of Rinoceros3D and 
Grasshopper so it can give instant feedback and allow the designer to take informed design decisions. The method is 
demonstrated on a case study consisting of an elastically bent GFRP arch that is restrained by a membrane on one side. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
In April 2015, an 8m tall hybrid tower was erected in Copenhagen. The design was the result of the collaboration 
between the Centre for Information Technology and Architecture (CITA), Copenhagen and the Chair of Structural 
Design and Technology (KET) Berlin. The tower consists of 6 stories of arch-shaped GFRP rods. The ends of these 
rods are connected to rods below by overlapping tangentially. The rods are embedded in a CNC knitted membrane 
and are received by tubes and pockets within the knitted fabric. That way the bespoke design of the membrane 
enabled the production in a few large patches and led to a drastic reduction of the sewing and cutting effort. 
When designing hybrid structures like the tower, analytical instances play an indispensable role in informing the 
whole process. The shape is derived from a form finding process and represents the equilibrium of forces of the 
entire system. Pure membrane form-finding can be described as an inverse problem in structural design, as the stress 
state is given, while the shape is to be found. The resulting shape is pure force; the stiffness of the material does not 
play a role. Otherwise when textile-hybrid-structures are form-found. Textile hybrids are defined here as slender 
elastically bent GFRP beams that are combined with a textile membrane. The textile membrane is restraining the 
bent rod, keeping it from buckling, while the reset force of the rod is tensioning the membrane. The resulting 
stiffening effect can increase the load bearing capacity dramatically [1]. 
The deformations of the physical prototype under environmental impact were monitored with video and wind-
speed documentation and compared to the predicted behaviour of the FE-model [2, 3]. The observed deviations 
between the digital and physical structure can be explained by the incomplete modelling of the rod-rod as well as the 
rod-membrane connection and due to the incorrect representation of the knit as membrane elements. 
Detaching the analysis from the generative modelling by using different software environment was not ideal, as 
structural feedback was often time shifted by hours to days. Structural information is critical to the design as 
bending stresses in the used rods can quickly exceed the beam stress capacity (the utilization of the hybrid tower’s 
rods under dead load was up to 80%). Form-finding and generative design environments are much more flexible, 
intuitive and often produce instant feedback. This is achieved by a reduction to 3 degrees of freedom and the 
projection based approach drastically reducing calculation time. Operating with stiffness values much lower than in 
reality may speed up the simulation or trigger the design but do not simulate the real structure and may lead to 
“incorrect” shapes. 
Fig.1 - 6-storey hybrid tower at the Design Museum Copenhagen 
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When the stiffness values are chosen accordingly to the actual material properties of a tested textile the use of 
these physics simulation can be extended to the engineering domain and enable structural analysis within the 
generative design environment for early design stages.Having the analysis integrated would lead to a more intuitive 
experience and deeper understanding of the physical rules that apply to the structural systems investigated. The 
proposed method is tested in a case study consisting of a GFRP beam whose axial and bending stiffness can directly 
be defined. The knitted fabric is simulated as an abstraction with is calibrated to match the properties of the knitted 
fabric. 
The proposed method is developed to a fundamental level and is still subject of ongoing research:  
• Calibration of a hexagonal net by adjusting the grids geometric and stiffness properties. 
• Development of a strategy to assemble a hybrid model by connecting the calibrated patch to an actively 
bent arch. 
• Investigating the hybrids behavior in different configurations. 
2. The Model 
McNeel's Rhinceros3D is a common CAD Environment used in architectural design. Grasshopper3D by David 
Rutten extends the use to the parametric domain and serves as a platform for seamless applications and plug-ins. 
Kangaroo2 by Daniel Piker is a physics simulation tool, working with a projection based approach using dynamic 
relaxation as a solver. The implementation of the geometrical approach of calculating bending forces described in 
(Barnes et al. 2013) improved the physical accuracy and the drift damping (Masaaki Miki, Sigrid Adriaenssens, 
Takeo Igarashi 2010) leads to a very fast and stable convergence of the solver. The speed and precision qualify the 
whole toolset to become an engineering tool in early design integrated in the designer’s digital workflow.  
Fig. 2–dimensions of case study 
The case-study consists of an elastically bent arch with clamped supports. A (knitted) membrane is restraining the 
arch on one side the arch is a 3.1m long GFRP beam with a diameter of 10mm, the span of the arch is 2,0m 
2.2. Architectural Membranes 
Architectural textile membranes are usually composite materials consisting of woven or non-woven fibers and 
layers of coating. The isotropic or anisotropic behaviour depends on the fibre-orientation and geometry and affects 
the shape as well as the performance. Apart from protecting the textile from humidity and radiation, the coating 
serves as a matrix that connects the different layers of fabric and is mostly responsible for the membranes shear 
stiffness. Form-finding and structural analysis is well established in different FE- environments, where the material 
properties are simulated with membrane elements. 
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Uncoated knitted fabrics differ a lot in terms of stiffness and flexibility. Due to their loop structure they have a 
large geometric stretch without a significant increase of stress and a very high Poisson’s ratio and a strong 
anisotropic behavior.  
2.1. Representing and Calibrating the Knitted Fabric 
The behaviour of (weft-)knitted fabrics can be simulated in a simplified manner using 2D-hexagonal meshes 
[4]This specific net is able to perform high positive and negative lateral strain, when being stretched in one direction 
with high Poisson's ratio. The mechanical properties of the knit to be simulated were received from material testing 
during the tower project by University of Duisburg-Essen, Institute for Metal and Lightweight Structures [6]. The 
calibration process is still under development and complete accordance could not yet be achieved.  
The resolution of the digital model has to be chosen accordingly to the scale of the structure. While a simulation 
on the yarn level might be sensible when simulating details, a model in architectural scale should be sufficiently 
precise with a much lower resolution, keeping the simulation lightweight. Friction on the yarn level and plastic 
deformation are neglected in this approach. To calibrate the models behavior axial testing is simulated. The edge 
vertices of one edge of the grid are fixed while the opposing edge vertices are pulled with an increasing force of up 
to 2.7kN/m. Strain in x direction (direction of applied force) and y-direction are measured from the center to the 
edge of the net. 
Fig. 3 - course (ĺ) and wales (Ĺ) direction of the knit and its representation in the model 
The properties of the digital model can be manipulated on the geometry level (resolution in x-/y-direction; 
proportion of the cells) and the axial and bending stiffness of the linear members of the net. With this simple toolset 
a wide range of fabrics can already be simulated. The size of the fabric piece of the case study is 3.0 x 3.0m with a 
resolution of 14/15 in course/wales direction. 
Table 1.  Geometry level: resolution course (Lc) and wales (Lw) direction, length of A in relation to B.  
 Stiffness level: axial and bending stiffness of the axial members of the net. 
  
dimension 3.0/3.0 [m] 
Gridresolution 
course / wales 
13/15 [1/m] 
length A/B 9.4/15.6 [cm] 
axial stiffness A 40.000 N/m 
axial stiffness B 80.000 N/m 
Bending stiffness 25 Nm 
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Fig. 4 - hexagon grid course, course stretched, wales, and wales stretched (from left to right) 
Fig. 5 Stress-strain diagrams of the calibrated net in comparison to the curves received from material tests 
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The geometry and stiffness properties are selected to match the Young's modulus and Poisson's ratio determined 
in earlier material tests. In the test simulation the patch is fixed on one side and pulled in the opposite direction with 
a defined load. The vertices of the pulled edge are forced to align to simulate the clamping of the physical test. From 
the elongation in stressed direction and the contracting in lateral direction, Young's modulus and Poisson's ratio are 
calculated. 
The charts above illustrate that the performance of the calibrated grid in wales direction almost matches the ones 
of the tested knit, while in course direction the precision still stays beyond the aspired accuracy. The model shows a 
lack in representing the deformation quantity lateral to the stress direction and an almost linear instead of square 
development of the graph in the stressed direction.The calibration process is not yet fully automated what requires a 
lot of time consuming interaction. It is expected that the precision will be increased to an acceptable level. 
2.3. Assembling the hybrid 
In this instance the calibrated grid will be projected onto the unrolled surface of the target geometry in different 
orientations (0°/45°/90°). After the pattern of the grid has been applied to the surface, it is rolled back onto the 
geometry to be connected with the surrounding geometry to a hybrid system. In this case study the surface is single 
curved. 
Fig. 6. Grid projected onto the unrolled surface in 0°/45°/90° orientation 
To combine the net and the elastically bent rod to a stable hybrid structure, the net has to be put under tension to 
find an equilibrium shape with the bent rod. In the chosen environment such a form finding process usually happens 
by reducing the length of the net's elements to shrink and thus prestress the net. This approach would change the 
properties of the calibrated knit and cannot be applied here. What is performed instead is to scale the unrolled shape 
according to the desired level of prestress, here to 90% of its initial size. The scaled patch is positioned in the center 
of the surface. The edges of the patch are then connected to the circumjacent geometry via elastic cables. These 
elastic cables are pretensioned with a very high force, to reduce their length to quasi zero. Similar to the actual 
physical assembly process, the fabric is pulled into its shape, inducing tension forces to the system, bending the arch 
to the side and finding an equilibrium of the systems forces under consideration of the material stiffness of the 
system’s elements.  
This iterative process is following these steps: 
1. Unrolling the (form-found) surface. 
2. Scaling and cutting the patch. 
3. Projecting the grid onto the patch 
4. Placing the patch in the digital model. 
5. Connecting the edges of the patch with the surrounding elements via (virtual) elastic cables 
6. Pulling the patch to the surrounding elements by shortening the elastic cables, that way 
prestressing the simulated fabric, bending the arch and finding an equilibrium shape. 
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The following graphics illustrate the developed form-finding process. The patch is scaled to 90 % of the initially 
unrolled surface. After placing it centrally on the model the net’s edges are connected via virtual cables (cyan) to the 
base supports and the bent arch. By reducing the length of the virtual cables, the net gest subsequently pulled into its 
final shape.  
Fig. 7. Setting of the model, activating the hexagonal net, shortening of the pulling cables leads to form a found model.  
The resulting shape represents the equilibrium of the imposed prestress under consideration of the stiffness of the 
fabric and the GFRP beam.  
2.4. Analysis 
The Analysis of the form-found textile hybrid is still under development but does allow for a qualitative analysis 
of the stress distribution by illustrating the intensity of stretch within the net by a color gradient. More importantly it 
does show a correct shape, as all elements are physically scaled. By analyzing the rods curvature stresses in the 
elastically bent beam can be calculated.  
The case study is carried out in 3 configurations with 0°/45°/90° (left to right) orientation of the grid. The 
inherent anisotropic stiffness of the simulated fabric does only slightly influence the shape of the form-found 
systems. As expected the effect can especially be observed on the bent rod that in the 45°-oriented system (middle), 
where the shape of the initial elastica-curve is changing into an asymmetric curvature. 
Fig. 8. different strain distribution in the 0°/45°/90° orientation models illustrated by colour gradient (green - no strain, red - high strain) 
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The level of prestress within the membrane can be gained by analysis of the reaction-forces. The ability to 
display reaction force is one of the results of an ongoing collaboration in a multinational team around Daniel Piker, 
Gregory Quinn and Anders Holden Deleuran aiming to expand the possibilities for calibrated modelling and 
analysis with Kangaroo2 (presented at Smartgeometry 2016 in Gothenburg, Sweden). 
Fig. 9. Reaction forces of the 0°/45°/90° orientation models 
The reaction forces of the supports are converted to linear support forces for the left, middle and the right edge of 
the membrane. The displayed forces correlate with the stretch of the fabric that is illustrated with a gradient domain 
from no stretch (green) to a exceeding a maximum stretch of 15% (red). For the 0°-oriented configuration only very 
low forces occur in the softer wales direction leading to only slightly curved shape of the surface. Otherwise in the 
90° configuration, where the stiffer orientation spans between left and right support, leading to a much stronger 
negative Gaussian curvature. The 45° sample is producing the highest tension over the right corner, spanning 
diagonally from the middle to the right support. 
Fig. 10 Reaction forces 
3. Outlook 
Analysis and structural feedback are critical information in the design process when workingwith bending active 
hybrid structures. The integration of the analysis instance into the generative design environment allows for an 
intuitive handling and rapid gathering of experience in dealing with the structure to be examined. 
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The proposed method simulates physically calibrated structures and allows for an immediate first analysis. 
Different mechanical properties of the fabric and its orientation can be simulated. Combined to form a hybrid system 
the impact of differently oriented nets can be examined in terms of deformation character and intensity. 
The gathered information supports the designer to understand the effects of orientation, cutting pattern and stress 
distribution within the knitted fabric. Adding the simulation of external influences such as wind and snow to the 
developed workflow will widen the field of application and move it further in the direction of an engineering 
tool.Due to the reduced DOF approach of the physics simulation FE-analysis will not be replaced by this method as 
it does not allow for a complete mechanical description of the system. Considering these boundaries, the provided 
instant analysis supports an intuitive way of understanding structural systems that will help designers to take 
informed design decisions. 
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